**(See the Editorial Commentary by Reindel and Fiore on pages 1589--90.)**

As bacteria, particularly gram-negative, are more resistant than ever to multiple antibiotics, the search for alternative treatments is now strongly promoted by international organizations and governments (United Nations, World Health Organization, and G20 \[[@CIT0001]\]). Besides their ability to control bacterial growth, these alternatives must also be evaluated regarding their safety. In particular, the strategies leading to the physical destruction of bacterial cells have to be studied with respect to their ability to release endotoxin (as many antibiotics do), especially in clinical situations where patients suffer from high-inoculum infections and/or experience severe sepsis or septic shock.

Bacteriophages (phages) are viruses infecting bacteria, and their use to treat bacterial infections (phage therapy) has been the focus of many experimental studies as well as a few clinical trials \[[@CIT0002]\]. However, while initiated almost 100 years ago, many aspects of phage therapy safety have not yet been fully investigated. Given their capability of killing their hosts very rapidly, in minutes, the important safety issue related to the release of endotoxin has been poorly explored \[[@CIT0005], [@CIT0006]\].

Bacterial endotoxin (the hydrophobic domain of the lipopolysaccharide present in the outer membrane of gram-negative bacteria) is one of the most potent inducers of the proinflammatory cytokine response in patients infected by gram-negative pathogens, and it plays an important role in the pathophysiology of septic shock \[[@CIT0007]\]. Accordingly, blood endotoxin level in infected patients is correlated to the sepsis severity and to survival \[[@CIT0008]\]. Of note, bactericidal antibiotics provoke an endotoxin release (ER) over time and the amplitude of this release depends on the pharmacological class of the molecule \[[@CIT0011]\]. As assessed by in vitro and in vivo data in animals \[[@CIT0011]\], the use of potent endotoxin-releasing antibiotics can be detrimental in terms of inflammation and survival. In humans, even if the use of such antibiotics could be associated with a higher inflammatory response, this has not translated---to date---in differences in mortality \[[@CIT0012], [@CIT0013]\].

To our knowledge, only 2 studies have addressed the question of phage-induced ER using a lysis-deficient phage \[[@CIT0014]\] or a nonlytic (filamentous) phage expressing a toxic gene in the host \[[@CIT0015]\]. They showed that such phages released less endotoxin than wild-type ones \[[@CIT0014]\] or than a lytic phage used as control \[[@CIT0015]\]. However, none of these studies compared phages to different antibiotics in their respective ability to release endotoxin within a short time scale corresponding to the rapid lysis induced by phages.

In this study, we aimed to compare the early-stage killing efficiency of 2 virulent phages, 536_P1 and LM33_P1, both infecting clinical isolates of *Escherichia coli*, to 2 classes of antibiotics, as well as to determine the level of endotoxin released by these antibacterial agents. We found that both phages killed bacteria more rapidly and released less endotoxin than did β-lactams. These results argue that phages are not more harmful than some antibiotics routinely used in the clinical setting.

MATERIAL AND METHODS {#s1}
====================

Bacteria and Phages {#s2}
-------------------

*Escherichia coli* strain 536 (susceptible to all clinically relevant antibiotics) and strain LM33 (ST131-O25b:H4 clonal complex) are 2 clinical isolates, responsible for a pyelonephritis \[[@CIT0016]\] and a ventilator-associated pneumonia \[[@CIT0017]\], respectively. The infectious parameters of phage 536_P1 (a Myoviridae, 149.4 kbp, infecting strain 536 \[[@CIT0018]\]) were determined as described in \[[@CIT0017]\] and compared with those previously obtained with LM33_P1 (a Podoviridae, 38.9 kbp, infecting strain LM33 \[[@CIT0017]\]). Data are presented in [Table 1](#T1){ref-type="table"} and in Supplementary Figure 1. These phages were purified from a bacterial lysate using our standard protocol \[[@CIT0019]\], including a final endotoxin removal step (EndoTrap Blue, Hyglos, Germany) carried out 3 times.

###### 

Parameters of the Viral Cycle of Phage LM33_P1 and 536_P1

  -------------------------------------------------------------------------------------------------------------------------
  Parameter                         LM33_P1                                     536_P1
  --------------------------------- ------------------------------------------- -------------------------------------------
  Adsorption constant^a^, mL/min\   K~1~ = 1.2 × 10^-8^ (1.1 to 1.3 × 10^-8^)   K~1~ = 6.7 × 10^-8^ (5.0 to 8.4 × 10^-8^)
  (95% CI)                                                                      

                                    ...                                         K~2~ = 5.1 × 10^-9^ (4.4 to 5.8 × 10^-9^)

  Latent period^b^, min             9                                           19

  Eclipse period^c^, min            7                                           17

  Burst size, PFU (95% CI)          317 (289--345)                              176 (161--193)
  -------------------------------------------------------------------------------------------------------------------------

Abbreviations: CI, confidence interval; PFU, plaque forming unit.

^a^Phage LM33_P1 has a 1-step adsorption kinetic whereas phage 536_P1 has a 2-step kinetic (a fast one followed by a slower one; see Supplementary Data), leading to 2 different adsorption constants.

^b^The latent period corresponds to the time elapsed between cell infection and cell lysis.

^c^The eclipse period corresponds to time elapsed between cell infection and the detection of the first functional intracellular virions, before cell lysis.

Antibiotics: Choice, Susceptibility Testing, and Concentration {#s3}
--------------------------------------------------------------

The disk diffusion method and Etests (bioMérieux, France) were used to determine susceptibility to antibiotics and minimum inhibitory concentration (MIC), according to EUCAST guidelines. For strain 536, the following antibiotics were tested (the MIC is indicated in brackets): amikacin (2 mg/L), ceftriaxone (0.016 mg/L), and imipenem (0.125 mg/L). For strain LM33, which expresses an extended-spectrum β-lactamase, the antibiotics tested were amikacin (8 mg/L), cefoxitin (2 mg/L), and imipenem (0.125 mg/L). The antibiotic solutions were prepared extemporaneously from intravenous formulations used for humans (Mylan, Canonsburg, Pennsylvania) and were reconstituted with sterile endotoxin-free water (aqua ad iniectabilia, B-Braun, Germany) to be used at a final concentration of 8-fold the MIC. This antibiotic concentration was chosen according to in vitro and in vivo data related to pharmacodynamics and pharmacokinetics of aminoglycosides and β-lactams \[[@CIT0020]\]. Such concentrations are also a recommended objective in the clinical situations where severe infections are presents, to ensure an optimal bactericidal activity \[[@CIT0024]\]. For the same purpose, the phages were used at a multiplicity of infection (MOI) \>1 (MOI: 5), based on our previous in vivo data \[[@CIT0017], [@CIT0025]\].

Time-Killing Assays {#s4}
-------------------

Classical time-killing assays were performed according to the American Society for Microbiology guidelines \[[@CIT0026]\]. In brief, bacteria exponentially grown at 37°C, 150 rpm, in Mueller-Hinton II broth (Sigma-Aldrich, Germany) were diluted with fresh medium to obtain an OD~600nm~ of 0.015 (approximately 5.10^7^ cells/mL). Thirty milliliters were then evenly aliquoted in 5 Erlenmeyer flasks corresponding to the 5 different conditions: a culture without antibacterial agents; cultures with antibiotics 1, 2, and 3; and a culture with phages. At time 0 (T~0~), antibacterial agents were added and each flask was sampled at 15, 30, 45, 60, and 180 minutes. The control (without antibacterial agents) was also sampled at T~0~. The bacterial titer (in triplicate), the instantaneous bacterial viability (in triplicate), and the free endotoxin level (in duplicate) were determined. The detection threshold for the count of colony-forming units (CFUs) is 1 × 10^2^ CFU/mL. Killing assays (and subsequent analysis) were independently repeated twice for each strain.

Microscope observations were performed on samples taken at 180 minutes with the remaining volume of culture. After centrifugation (7000*g*, 5 minutes), the pellet was resuspended in 100 µL of phosphate-buffered saline and 5 µL was dropped on a glass slide to be observed with a phase contrast microscope.

Endotoxin Measurements {#s5}
----------------------

Free endotoxin concentrations were quantitatively assayed on filtered cultures (Poly-Ethylen-Sulfone 0.22 µm filter, Sartorius, France) using a Limulus Amebocyte Lysate assay (Endotox R-fact C, Hyglos, Germany), after a 1:1000 dilution and according to the manufacturer instructions. The validity of the assay was checked; no interferences caused by the medium or the phages were noticed.

Instantaneous Cell Viability Assay {#s6}
----------------------------------

Cell viability was assessed by measuring the intracellular adenosine triphosphate content using the BactTiter-Glo assay and a Glomax-MultiDetection System plate reader (Promega, Madison, Wisconsin).

Statistical Analysis and Modeling {#s7}
---------------------------------

Nonlinear regressions from experimental points regarding the evolution of the free endotoxin concentration according to time were performed by using GraphPad Prism version 5.00 (GraphPad Software, La Jolla, California) with the following equations (where y = endotoxin concentration, x = time): the data obtained with Ceftriaxone treatment were ruled by an exponential curve {y = y~0~.e^kx^}, amikacin and phages were ruled by a reverse exponential curve {y = y~0~+(plateau-y~o~).(1-e^-kx^)}, whereas imipenem and cefoxitin were ruled by a sigmoid function {y = (V~max~.x^h^)/(K+x^h^)} (see Supplementary Tables 1 and 2). The areas under the concentration of free endotoxin vs time curve (AUC) were calculated using the trapeze method with MatLab 8.3 (MathWorks, France). The input for these calculations was the nonlinear regression curves obtained from each replicate (integration from 0 to 180 minutes, sampling frequency: every 20 seconds).

RESULTS {#s8}
=======

Phages Kill Bacteria Faster Than β-Lactams {#s9}
------------------------------------------

Bacteria grown in liquid broth were exposed to antibiotics (8-fold the MIC) or phages (MOI of 5) and multiple samplings were performed during 180 minutes for the evaluation of killing and ER.

Bacterial abundance was assessed using 2 complementary methods that analyze 2 distinct physiological signals: the classical CFU count on agar medium (following an overnight incubation of serial dilutions) and an instantaneous cell viability assay that measures the amount of metabolically active cells. Indeed, the latter parameter is not taken into account with the agar plate method: The cells that are alive but doomed to death a few hours later will not be counted on agar plates, whereas they will be quantified by using the cell viability assay. Conversely, when bacteria are titrated on an agar plate, the inhibitory pressure is removed, especially as a high dilution is performed to count individualized CFUs: in such a setting, weakly metabolically active bacteria are no longer surrounded by the antibacterial agent and could regrow at the time of plating (as persister cells do \[[@CIT0027]\]).

We observed that the decrease of cells able to grow on an agar plate (CFU counts, [Figure 1](#F1){ref-type="fig"}) and the decrease of metabolically active cells (instantaneous cell viability assay, [Figure 2](#F2){ref-type="fig"}) were faster with phages than with β-lactams (whatever the molecule considered). Aminoglycosides and phages were the only antibacterial agents to rapidly decrease the bacterial biomass indirectly assessed by the cell viability assay, while at the earliest stages, β-lactams did not abolish cell growth. After 1 hour, the reduction in CFU counts in phage-treated conditions reached 3.9 and 4.7 log~10~ for strains LM33 and 536, respectively, while amikacin provided a decrease of 3.0 and 4.7 log~10~, respectively, and imipenem a decrease of 0.2 and 1.7 log~10~.

![Colony-forming unit (CFU) counts of strains LM33 and 536 according to time. Strain LM33 (*A*) and strain 536 (*B*) were cultured in absence (control) or presence of antibacterial agents: phages (LM33_P1 or 536_P1, multiplicity of infection of 5) or antibiotics (8-fold the minimum inhibitory concentration). Data are means with standard deviation, and the dotted line represents the detection threshold.](cix18401){#F1}

![Relative amount of metabolically active cells according to time in presence of different antibacterial agents. Strain LM33 (*A*) and strain 536 (*B*) were cultured in absence (control) or presence of antibacterial agents: phages (LM33_P1 or 536_P1, multiplicity of infection of 5) or antibiotics (8-fold the minimum inhibitory concentration). The viable cells were quantified using an ATP-driven luciferase assay (see Methods). Data are means with standard deviation and the y-axis is in log~2~ scale. Abbreviation: RLU, relative luminescence unit.](cix18402){#F2}

In agreement with its kinetic characteristics ([Table 1](#T1){ref-type="table"}), phage LM33_P1 was the fastest antibacterial agent on strain LM33 as CFUs were below the threshold of detection (100 cells) at 15 minutes ([Figure 1A](#F1){ref-type="fig"}). Among antibiotics, only amikacin led to a 2 log~10~ reduction at this time point. When looking at metabolically active cells, we also confirmed that phage LM33_P1 was the fastest killing agent, followed by amikacin, cefoxitin, and imipenem ([Figure 2A](#F2){ref-type="fig"}). It should also be noted that at 180 minutes ([Figure 1A](#F1){ref-type="fig"}), the number of CFUs in the phage-treated sample increased compared to previous time points, while in contrast the number of metabolically active cells remained very low. This suggests that a residual population with low metabolic activity was able to survive in the presence of phages and later to grow on agar plates once the phage pressure is reduced.

As suggested by its intrinsic viral properties ([Table 1](#T1){ref-type="table"}), phage 536_P1 displayed a slower kinetic than phage LM33_P1 in reducing CFU count and the amount of metabolically active cells. Phage 536_P1 was also slower than amikacin but remained faster than imipenem and ceftriaxone. The fact that the action of amikacin was faster on strain 536 than on strain LM33 is most likely explained by the underlying resistance mechanisms to aminoglycosides of each strain: the MIC of amikacin for strain 536 is 2 mg/L and this strain displays a resistance to streptomycin only whereas strain LM33 has several additional resistances to aminoglycosides (streptomycin, kanamycin, gentamicin, and netilmicin) with an amikacin MIC of 8 mg/L, which is the upper limit to classify *E. coli* strains as still susceptible \[[@CIT0028]\].

The Morphology of Bacterial Cells Exposed to Amikacin or Phages Is Weakly Affected {#s10}
----------------------------------------------------------------------------------

Direct microscopic observations, performed after 3 hours of exposition to each of the antibacterial agents, confirmed that β-lactams induced intense cell morphological changes ([Figure 3](#F3){ref-type="fig"}): Ceftriaxone and, to a lesser extent, cefoxitin were responsible for a massive filamentation whereas imipenem was associated with the generation of spherical cells, also known as spheroplasts \[[@CIT0029]\]. Conversely, the cells obtained from cultures treated with amikacin or phages showed a preserved shape. Interestingly, these cells contained typical intracellular inclusion bodies, without any identifiable difference between amikacin and phage-treated cells ([Figure 3](#F3){ref-type="fig"}).

![Morphology of *Escherichia coli* cells after a 3-hour exposition to different antibacterial agents. The liquid cultures of strains LM33 and 536 in absence (control) or presence of antibacterial agents (antibiotics with a concentration of 8-fold the minimum inhibitory concentration, phages LM33_P1 or 536_P1 with a multiplicity of infection of 5) were centrifuged to concentrate the residual biomass. Wet mount preparations were then observed under phase contrast (×100 lens).](cix18403){#F3}

Phages Release as Much Endotoxin as Amikacin but Much Less Than β-Lactams {#s11}
-------------------------------------------------------------------------

The levels of released endotoxin were measured over time for each antibacterial agent tested ([Figure 4](#F4){ref-type="fig"}). Initially (T~0~), the concentrations of free endotoxin in the medium were 1578 ± 652 and 430 ± 20 EU/mL for strains LM33 and 536, respectively. The ER according to time was not identical among the antibacterial agents tested ([Figure 4](#F4){ref-type="fig"}). Whereas the ceftriaxone-associated ER was ruled by an exponential curve, amikacin and phages were ruled by a reverse exponential curve (a rapid rise followed by a plateau) and imipenem with cefoxitin by a sigmoid function. Particularly, the kinetic of ER was initially slow for ceftriaxone but increased suddenly at later time points, a phenomenon also present but to a weaker extent with imipenem.

![Concentration of free endotoxin released in the culture medium over time by cells exposed to different antibacterial agent. Strain LM33 (*A*) and strain 536 (*B*) were cultured in presence of phages (LM33_P1 or 536_P1, multiplicity of infection of 5) or antibiotics (8-fold the minimum inhibitory concentration). The symbols are the means of 2 independent experiments with standard deviation. The curves are nonlinear regressions from these points (see Methods). Abbreviation: EU, endotoxin unit.](cix18404){#F4}

Compared to T~0~, the fold change in the amount of endotoxin released by the lysis of strain LM33 after 180 minutes was 3.8 ± 0.03 with phage LM33_P1, 5.5 ± 2.0 with amikacin, 8.7 ± 2.6 with cefoxitin, and 30.0 ± 16.7 with imipenem. With strain 536, this fold change was 19.8 ± 0.1 with amikacin, 29.9 ± 1.3 with phage 536_P1, 53.7 ± 4.2 with imipenem, and 125.1 ± 27.5 with ceftriaxone.

To obtain a more complete overview of the ER, we calculated the AUC that represent the cumulated amount of released endotoxin over time ([Figure 5](#F5){ref-type="fig"}). The lowest recorded values were those obtained with the 2 phages and amikacin whereas the highest values were obtained with imipenem and ceftriaxone. In the experiments with strains LM33 and 536, respectively, the ER was 4- and 2-fold higher with imipenem than with the corresponding phage.

![Areas under the concentration of free endotoxin vs time curve (0 to 180 minutes). Strain LM33 (left side) and strain 536 (right side) were cultured in presence of phages (respectively, LM33_P1 and 536_P1, multiplicity of infection of 5) or antibiotics (8-fold the minimum inhibitory concentration). Data are means with standard deviation. Abbreviations: AUC, area under the curve; EU, endotoxin unit.](cix18405){#F5}

DISCUSSION {#s12}
==========

The safety of antimicrobial agents developed to resolve the progression of antibiotic resistance must be studied and compared to reference treatments. In this respect, the direct immunogenicity of phage particles involving innate immune response (ie, their own ability to trigger an acute inflammatory response) seems to be negligible \[[@CIT0030]\] as long as phage preparations are correctly purified \[[@CIT0034]\]. Conversely, the indirect immunogenicity (ie, triggered by cell lysis) is clearly understudied, emphasizing the significance of this work as the first comprehensive study assessing ER and cell killing by phages in comparison with antibiotics. We observed that the antibacterial effect of 2 different phages having a proven therapeutic potential \[[@CIT0017], [@CIT0018]\] was very close to the one obtained with amikacin, in terms of biomass reduction, speed of action, changes in cell morphology, and ER. In addition, when compared to β-lactams, these 2 phages showed a more rapid bacterial lysis, which was associated with a lower ER.

The mechanisms of action of each of the antibacterial agents tested are different (molecular targets and duration). Phages rely on holins and lysins (peptidoglycan hydrolases) to trigger cell lysis at the end of their infectious cycle \[[@CIT0035]\], while amikacin is a protein synthesis inhibitor binding to the 16S ribosomal RNA of the 30S ribosome subunit. Ceftriaxone (a third-generation cephalosporin), imipenem (a carbapenem), and cefoxitin (a cephamycin) are all β-lactams inhibiting peptidoglycan synthesis by interacting with penicillin-binding proteins (PBPs). More precisely, ceftriaxone (Ro 13--9904) chiefly binds to PBP-3 \[[@CIT0036]\] and induces a high rate of filamentation with delayed lysis and is considered to be a "potent" endotoxin releaser \[[@CIT0011], [@CIT0037]\]. Imipenem essentially binds to PBP-2, induces spheroplast formation \[[@CIT0029]\], and is considered an "intermediate" endotoxin releaser \[[@CIT0011]\]. Cefoxitin binding is more PBP-1 specific \[[@CIT0038]\] and induces limited filamentation, and could therefore be considered a "weak" endotoxin releaser, like aminoglycosides \[[@CIT0011]\].

Our microscope observations are in agreement with these specific mechanisms of action and the existing data regarding antibiotic-induced changes in cell morphology. Interestingly, phage- and amikacin-treated cells displayed similar inclusion bodies, previously reported when *E. coli* is exposed to aminoglycosides \[[@CIT0039], [@CIT0040]\]. We did not find in the literature similar intracellular changes in cells submitted to phage predation. However, as these inclusion bodies are related to protein aggregates induced by translation errors and given that phages are known to interfere with bacterial protein synthesis during the viral cycle, those may have the same origin \[[@CIT0041]\]. More interesting is the putative link between these observations and the lowest levels of endotoxin released by either phage- or amikacin- treated cells. By rapidly turning off the cell growth, in contrast to β-lactams, both phages and amikacin avoid an increase in abnormal cell biomass (eg, with filamentous cells) that will lyse sooner or later, and will release an endotoxin amount proportional to its biomass.

Another key observation is the prompt action of phages. Despite a much more complex and a highly temporally regulated mode of action aiming at hijacking multiple intracellular pathways \[[@CIT0042]\], strictly lytic phages paradoxically appear to be faster than β-lactams in vitro. Among the highly diverse population of phages, this rapidity is a common trait even if important differences exist in terms of cell lysis speed (ranging from \<15 minutes to \>1 hour, at 37°C \[[@CIT0043]\]). We believe that the 2 phages tested here are particularly good candidates regarding this point.

Several limits have to be discussed in our study. First, our results are related to a limited number of phages and antibiotics. Here, both phages included in this study have favorable kinetic parameters. As the length of the viral cycle is one of the key parameters in the phage pharmacokinetic modeling \[[@CIT0044], [@CIT0045]\], we cannot rule out the possibility that slower phages could have led to different results. Moreover, we deliberately chose to focus on β-lactams and aminoglycosides because these 2 classes of antibiotics belong to the first-line treatment of many infections in their severe forms (such as pyelonephritis \[[@CIT0046]\]). As "solid value" molecules, they are recommended for the treatment of life-threatening gram-negative infections, especially in neutropenic patients \[[@CIT0047], [@CIT0048]\]. Other than these valid comparators, what would have been observed if others drugs had been tested (such as quinolones) is open to speculation. Finally, the translation of our results to the in vivo setting could be limited: (1) A possible overestimation of aminoglycosides efficacy may be present in time-kill curve experiments with strain 536 due to antibiotic carryover, as the low number of viable cells required us to plate undiluted samples; (2) in vivo, an additional key player represented by the innate immune system (mainly with polymorphonuclears) is involved in bacterial cell lysis \[[@CIT0049]\]. Additionally, the antibiotic tissue concentrations could be highly variable in the clinical setting among people and fluctuate over time \[[@CIT0050]\]. Thus, periods of time with tissue concentration below the MIC could exist, changing the way cells are lysed.

To conclude, this work provides comforting data regarding the endotoxin-related safety of therapeutically relevant phages, characterized by their low endotoxin release profile and their fast bactericidal effect. An in vivo assessment of the endotoxin release has now to be carried out to confirm and strengthen our findings, which will support further phage therapy development.

Supplementary Data {#s13}
==================

Supplementary materials are available at *Clinical Infectious Diseases* online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
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